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A B S T R A C T
China is the largest producer and consumer of abalone worldwide, harvesting nearly 140,000 tons in 2016. Due
to rising temperatures, intensive culture patterns, and other factors, hypoxia has become a serious problem for
Chinese abalone aquaculture, especially in Fujian Province. A hypoxia-tolerant strain is needed for the sus-
tainable development of abalone farming. However, it is problematic to evaluate hypoxia tolerance in abalone.
Usually, the traditional analyses cause severe damages to the sampled individuals, possibly including disorders
in gonad development or death and these samples could hardly be used for breeding. Here, it was found that
abalone heart rates characteristically exhibited a sharp decline below a certain DO threshold, which can be
referred to as the breakpoint of dissolved oxygen (BPDO). The BPDOs were sensitive to temperature – the higher
acclimation temperature or experimental temperature would increase BPDO. To verify the utility of BPDO as an
indicator of hypoxia tolerance in abalone, an acute stress test was conducted with 32 abalone individuals under
severe hypoxia (~0.5 mg/L) and significant negative correlations between BPDO and attachment duration, and
between BPDO and survival time were found. The BPDO method was advantageous, as it supported individual
detection and survival, which allows the selection and retention of hypoxic-tolerant individuals for further
genetic breeding. BPDOs at different temperatures also provide important references for abalone aquaculture.
1. Introduction
China is the largest producer and consumer of abalone in the world,
harvesting nearly 140,000 tons in 2016, representing an output value of
more than three billion US dollars (Guo and Zhao, 2017). Fujian Pro-
vince, in Southern China, produces approximately 80% of the Chinese
abalone production (Guo and Zhao, 2017). Abalone aquaculture in
Fujian relies heavily on coastal waters. However, dissolved oxygen le-
vels in coastal areas around the world typically fluctuate due to tidal
flow, decaying algae, and phytoplankton blooms (Elston, 1983; Diaz
and Rosenberg, 2008; Yoann et al., 2019). Due to increases in global
temperature and the volume of nutrients discharged into the ocean,
marine dissolved oxygen levels have declined continuously since at
least the mid-20th century (Diaz and Rosenberg, 2008; Stramma et al.,
2008; Keeling et al., 2010). The rates of oxygen decline in coastal areas
are greater than those in the open ocean, with coastal dead zones
spreading exponentially (Gilbert et al., 2010; Breitburg et al., 2018). In
aquaculture systems, hypoxia may occur as a result of high stocking
densities; excessive biological oxygen demand due to decaying waste or
uneaten food; insufficient water flow rate and air exposure; or tem-
perature increases (Hindrum et al., 1996; Morash and Alter, 2015). The
abalone culture methods used in Fujian Province are especially prone to
hypoxia: the floating cages (40 cm × 30 cm × 10 cm) used for abalone
attachment are filled with fresh seaweeds, such as Saccharina and
Gracilaria, to feed the abalone (Wu and Zhang, 2013). These fresh
seaweeds not only create barriers to water circulation, but may also
compete directly with the abalone for oxygen at night. For these rea-
sons, hypoxic stress is a major challenge for the Chinese abalone
aquaculture industry. Thus, it is important to accelerate genetic im-
provements in abalone hypoxia tolerance.
However, it is problematic to evaluate hypoxia tolerance in abalone.
Several measures have been used to assess hypoxia tolerance in aba-
lone, including median lethal concentration (LC50) (Cheng et al.,
2004a), hemocyanin (Wells et al., 1998; Behrens et al., 2002; Vosloo
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et al., 2013), tauropine, D-lactate (Baldwin et al., 1992), and gene ex-
pression (Wan et al., 2012; Cai et al., 2014). Unfortunately, these
methods are not suitable for breeding studies. That is, the LC50 as-
sessment is based on survival percentages under severe stress; the ap-
plications of these stressors severely damage the sampled individuals,
possibly causing disorders in gonad development or death. These aba-
lones could hardly be used for breeding. In addition, the LC50 method
generally does not evaluate individuals. Other methods, including he-
mocyanin, D-lactate, and gene expression, require the dissection of the
sampled individuals, which leaves no survivors to be used as breeding
stock. Therefore, a moderate approach is needed for breeding studies of
hypoxic tolerance.
In invertebrates, heart rate has been widely used to study the effects
of various environmental factors (e.g., temperature, salinity, heavy
metal pollution, and oil contamination) on cardiac activity (Bamber
and Depledge, 1997; Stenseng et al., 2005; Braby and Somero, 2006;
Bakhmet et al., 2009; Dong et al., 2015; Xing et al., 2019). Interestingly,
significant decreases in heart rate have been observed in response to
temperature or salinity fluctuations in mollusks; the breakpoint, at
which heart rate drops precipitously, possibly becomes a good indicator
of thermal or low salinity limits in this phylum (Braby and Somero,
2006; Dong and Williams, 2011; Bakhmet et al., 2012; Han et al., 2013;
Chen et al., 2016; Alter et al., 2017). However, similar breakpoints have
not been identified during continuous changes in dissolved oxygen le-
vels.
A non-invasive method to measure heart rate was developed by
Depledge and Andersen (1990), and modified by Chelazzi et al. (1999)
and Dong and Williams (2011). This non-invasive heart rate monitoring
method was used to investigate heat tolerance in abalone, and was
shown to be much less injurious than other methods (Chen et al., 2016).
We hypothesized that a new indicator of hypoxia tolerance in abalone
could be developed based on this monitoring method, and that such a
method might overcome the disadvantages of the traditional methods
mentioned above.
Therefore, this study aimed to study variations in heart rate as
dissolved oxygen level decreased, and to develop an indicator suitable
for assessing hypoxia tolerance in abalone. Our results may facilitate a
better understanding of the physiological response to different dis-
solved oxygen levels in this mollusk, and may provide effective support
for breeding research.
2. Materials and methods
2.1. Animals
Three abalone taxa were used in this study: Haliotis discus hannai
(DD, shell length 48.98 ± 4.06 mm, mean ± standard deviation), H.
gigantea (GG, shell length 49.94 ± 3.07 mm), and the hybrid H. discus
hannai ♀ × H. fulgens ♂ (DF, shell length 48.49 ± 5.27 mm). All
abalone were reared at Fuda abalone farm (Jinjiang, China). The
abalones were maintained in a recirculating system with sand-filtering
seawater. Before experimentation, abalones were allowed to acclimate
and recover from transportation for a minimum of seven days.
Temperature (20 °C or 24 °C, depending on experimental require-
ments), dissolved oxygen (DO, fully bubbled,> 95% O2 saturation),
and salinity (32 psu) were monitored continuously throughout the ac-
climation period. The abalones were fed once per day with a red alga,
Gracilaria lemaneiformis. Half of the seawater in each tank
(70 cm × 35 cm × 45 cm) was replaced with fresh seawater daily. At
most 40 individuals of experimental size were kept in each tank. The
tanks were kept shaded (except at sampling time) to minimize dis-
turbances from the exterior environment. Twelve hours before the
commencement of the experiment, feeding ceased, and all fecal debris
were removed.
2.2. Heart rate monitoring
In this experiment, eight H. discus hannai acclimated to 20 °C were
selected randomly and placed in a petri dish (diameter = 20.0 cm,
height = 9.5 cm) and allowed to attach. The petri dish was immersed in
a water bath to keep the experimental temperature at 20 °C (Fig. 1). The
fluctuant DO levels were established by bubbling a constant flow of
mixed nitrogen gas and air into the dishes. The total gas flow rate was
maintained by gas flowmeters at approximately 2 L/min. The level of
DO in the petri dish was decreased from 6.0 mg/L to<1.0 mg/L at a
rate of ~1 mg/L per hour. A fine water quality meter (WTW, Ober-
bayern, Germany) was used to monitor DO levels in the petri dish;
measurements were made every five minutes.
The electrocardiosignals of the abalone were measured non-in-
vasively (Chen et al., 2016): an infrared sensor was fixed to the shell of
each abalone above the heart; variations in the infrared heartbeat signal
were amplified, filtered, and recorded using an infrared signal amplifier
(AMP03, Newshift, Leiria, Portugal) and Powerlab (8/35, ADInstru-
ments, March-Hugstetten, Australia). Using LabChart version 8.0
(ADInstruments), consecutive cardiac waves were viewed and recorded.
This experiment was repeated, using eight H. gigantea and eight hy-
brids. In total, the heartbeats of 24 abalone were measured.
2.3. Effects of temperature on the hypoxia indicator
Considering that cardiac activity is sensitive to the temperature, the
hypoxia indicator which was developed based on heart rate fluctuations
may also be affected by temperature variation. To test this assumption,
different temperature conditions were considered when studying the
cardiac activity under persistent reduced dissolved oxygen. We in-
vestigated the effects of acclimation temperature (AT, the temperature
at which abalone was acclimatized before experimentation) and ex-
perimental temperature (ET, the temperature maintained during the
heart rate measurement) on hypoxia indicator. The acclimation tem-
peratures used were 20 °C (the optimum temperature; Cho and Kim,
Fig. 1. Schematic, showing the equipment used for the breakpoint of dissolved oxygen (BPDO) measurement.
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2012) and 24 °C (natural environmental temperature). The experi-
mental temperatures used were 20 °C, 24 °C, and 28 °C (the average
summer temperature in Fujian Province). We tested six combinations of
temperatures: combination A (AT = 20 °C, ET = 20 °C), measured in
section 2.2; combination B (AT = 20 °C, ET = 24 °C); combination C
(AT = 20 °C, ET = 28 °C); combination D (AT = 24 °C, ET = 20 °C);
combination E (AT = 24 °C, ET = 24 °C); and combination F
(AT = 24 °C, ET = 28 °C). Eight H. discus hannai were randomly se-
lected for the hypoxia test of each combination. The abalones were
transferred from the acclimation temperature to the experimental
temperature immediately after the sensor was fixed in place. The var-
iations in heart rate were recorded as dissolved oxygen level decreased
and the experimental temperature was kept during the measurement.
2.4. Attachment duration and survival time
To determine whether this new indicator could be used to distin-
guish abalone with different levels of hypoxia tolerance, the heart rate
analysis results were compared with attachment duration (the length of
time that each abalone remained adhered to the substrate) and survival
time.
We randomly selected 32H. discus hannai, and marked each animal
with a different tag in order to track individuals. The heart rates of the
tagged individuals monitoring were monitored as described in section
2.2, and temperature combination E (AT = 24 °C, ET = 24 °C) was
used. After the BPDO measurement, all abalone were returned to the
holding tank (temperature, 24 °C, DO, fully bubbled>95% O2 sa-
turation and salinity, 32 psu), the bottom of which was covered with
adhesion substrates (45 cm × 25 cm). The samples could recover for
seven days before subjected to low oxygen (~0.5 mg/L).
To study attachment duration and survival time, 80 L of filtered
seawater was added to 100-L tanks. The nitrogen was continuously
pumped into the water, and DO was maintained at ~0.5 mg/L. The
adhesion substrates, with the attached abalone, were moved into the
tank and suspended vertically underwater. We recorded the time the
experiment began, the time each abalone detached, and the time of
death of each abalone. After each abalone became detached, it was
touched gently with a dissecting needle every 20 min. When no with-
drawal response was observed, the abalone was regarded as dead.
2.5. Statistical analysis
To compare indicator values among the three taxa, one-way ana-
lyses of variance (ANOVAs) were conducted, followed by Tukey's
honestly significant difference (HSD) post hoc tests. Two-way ANOVAs
were performed to assess how the indicator was affected by acclimation
temperature, experimental temperature, and the interaction between
acclimation temperature and experimental temperature. ANOVAs and
Tukey's HSD post hoc tests were performed using SPSS 17.0 (Chicago,
USA). Differences were considered significant at p < .05. Regression
analyses were performed in R package v.3.6.1 to study the correlation
between the indicator and attachment duration, and between the in-
dicator and survival time.
3. Results
3.1. DO stress and heart rate
Steadily decreasing DO levels (Fig. 2) were used to determine the
effects of DO fluctuations on abalone heart rate. A relatively steady
heart rate (32–44 beats/min, depending on the individual) was ob-
served when oxygen concentration changed from 6 mg/L to 2 mg/L and
temperature was kept at 20 °C (Fig. 3a). However, abalone heart rates
characteristically exhibited a sharp decline below a certain DO
threshold, here referred to as the breakpoint of dissolved oxygen
(BPDO). The BPDO was determined using a regression analysis to
generate the best fit lines on both sides of the putative breakpoint. The
DO value at which these two lines intersected was considered the
BPDO. The average BPDO of H. discus hannai was 1.72 ± 0.27 mg/L
(mean ± standard deviation), and the BPDO of the hybrid (H. discus
hannai ♀ × H. fulgens ♂) was 1.82 ± 0.14 mg/L (Fig. 3b). The BPDO
did not differ significantly between these two abalone strains
(p= .724). However, the BPDO of H. gigantea (1.42 ± 0.26 mg/L) was
Fig. 2. DO fluctuations during heart rate measurements.
Fig. 3. Breakpoint of dissolved oxygen (BPDO), as identified by changes in
abalone heart rates. (a) Schematic showing BPDO in Haliotis discus hannai. (b)
BPDO comparisons among different taxa. DD, H. discus hannai; DF, hybrid (H.
discus hannai ♀ × H. fulgens ♂); GG, H. gigantea. Different letters indicate
significant differences among taxa.
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significantly lower than that of H. discus hannai (p = .048) and the
hybrid (p = .014) (Fig. 3b).
3.2. Effects of temperature on BPDO
Three individuals of combination C and one individual of combi-
nation F showed arrhythmias and then they were not included in the
subsequent analysis. Acclimation temperature and experimental tem-
perature significantly affected BPDO (two-way ANOVA, p < .01;
Table 1), but the interaction between acclimation temperature and
experimental temperature did not. The BPDOs of abalones acclimated
to 24 °C were higher than those of abalones acclimated to 20 °C (F(1,
42) = 4.224, p = .046; Fig. 4). When acclimation temperature was kept
at 20 °C, the BPDOs were 1.72 ± 0.27 mg/L, 2.19 ± 0.20 mg/L, and
3.15 ± 0.45 mg/L at experimental temperatures of 20 °C, 24 °C, and
28 °C, respectively. Results were similar when the acclimation tem-
perature was 24 °C. BPDOs increased from 2.10 ± 0.25 mg/L to
3.63 ± 0.51 mg/L as experimental temperature increased from 20 °C
to 28 °C. BPDOs were significantly higher when experimental tem-
peratures were higher (F(2, 41) = 49.926, p < .01).
3.3. Correlations between BPDO and attachment duration or survival time
To determine whether BPDO could be used to distinguish different
levels of hypoxia tolerance, BPDOs were compared with attachment
duration and survival time in 32H. discus hannai. All abalones were
acclimated to 24 °C and tested at 24 °C. Individual “U322” had the
highest BPDO (3.21 mg/L), while sample “L014” had the lowest
(1.68 mg/L) (Table 2). The average BPDO across all 32 individuals was
2.32 ± 0.31 mg/L. In the attachment test (Fig. 5), “U322” remained
attached for 1.42 h before dropping from the substrate. “U322” sur-
vived for an additional 2.67 h, after which it no longer responded to
irritants. In comparison, “L014” was much more tolerant of hypoxia.
“L014” dropped from the substrate after 19.67 h, and died after
20.80 h. Across all 32 individuals, mean attachment duration and
survival time were 13.53 ± 4.67 h and 15.04 ± 4.59 h, respectively.
The relationships between BPDO and attachment duration, and be-
tween BPDO and survival time, were analyzed using regression ana-
lyses. Significant negative correlations were found between BPDO and
attachment duration (p < .001, R2 = 0.75, Fig. 6a), as well as between
BPDO and survival time (p < .001, R2 = 0.79, Fig. 6b). This indicated
that individuals with higher BPDOs were more sensitive to DO de-
creases, and that individuals with lower BPDO were more tolerant of
DO decreases.
4. Discussion
In this study, we identified a new indicator of hypoxia tolerance in
abalone (BPDO), which was based on changes in heart rate during the
continuous reduction of DO levels. Minor changes in heart rate were
observed when the oxygen concentration was above the BPDO, but
heart rate decreased rapidly as oxygen levels fell below the BPDO.
Organisms can be characterized based on how well they regulate their
respiratory rate under hypoxia (Grieshaber et al., 1988). Species that
maintain oxygen consumption under a wide range of DO concentrations
are called “oxyregulators,” while those that cannot do so are known as
“oxyconformers”. Oxyregulators and oxyconformers have similar re-
sponse strategies, which can be generalized into a model of metabolic
transition phases (Herreid, 1980). Herreid (1980) suggested that or-
ganisms exhibit variable critical partial pressure of oxygen (PO2) levels;
oxygen uptake remains constant above this critical point, but the
resting rate of oxygen consumption declines below this point. That is,
this is the point at which the organism becomes oxygen dependent. Our
BPDO measurements supported this theory. Indeed, BPDO was sig-
nificantly negatively correlated with both attachment duration and
survival time measurement (p < .001), suggesting that BPDO might be
an ideal indicator of PO2 in abalone.
The BPDO of H. discus hannai was 1.72 ± 0.27 mg/L when the
acclimation and experimental temperature were kept at 20 °C. Thus, we
speculated that this abalone experienced a rapid drop in aerobic effi-
ciency when DO concentrations fell below 1.72 mg/L. This could be
because the heart rate failed to keep pace with the routine metabolic
rate under low levels of DO, similar to the effects of elevated tem-
perature (Portner and Knust, 2007; Casselman et al., 2012). It has been
demonstrated that the gills of H. iris are responsible for essentially all
oxygen uptake under both normoxia and hypoxia, and that the gills
efficiently extract oxygen (Taylor and Ragg, 2005). The right gill ap-
pears to be perfused at a constant rate, regardless of changes in demand
(Ragg and Taylor, 2006a). The left gill functions differently: when at
rest, the hemolymph flow in the left gill nearly ceases; during periods of
hypoxia, hemolymph flow in the left gill increases to equal that in the
right gill (Ragg and Taylor, 2006a, 2006b). This may explain why no
immediate significant decrease in heart rate was observed after DO was
decreased. That is, the abalone oxygen demand might have been sa-
tisfied via the activation of the left gill. However, the left gill could not
continue to supply adequate oxygen below a certain DO concentration.
Thus, after the breakpoint, the heart rate decreased abruptly, possibly
indicating that the regulatory capacity was insufficient below this level
Table 1
Two-way analyses of variance (ANOVA) analysis results. F and P values are
given; significant results are in bold.
Source of variation df F values P values
Acclimation temperature (AT) 1 10.219 0.003
Experimental temperature (ET) 2 54.808 0.000
Interaction AT⁎ET 2 0.348 0.708
Fig. 4. The effects of temperature on BPDO. “AT = 20 °C" indicates the abalone
acclimated to 20 °C; “AT = 24 °C" indicates the abalone acclimated to 24 °C.
The asterisks indicate statistically significant differences in BPDO between the
two acclimation temperatures at the same experimental temperature. Different
letters indicate significant differences in BPDO (p < .05) among the three
experimental temperatures.
Table 2
The BPDOs of the 32 Haliotis discus hannai individuals.
Sample BPDO Sample BPDO Sample BPDO Sample BPDO
(mg/L) (mg/L) (mg/L) (mg/L)
U322 3.21 R517 2.77 M879 2.77 M560 2.72
L267 2.51 M080 2.35 K591 2.59 M690 2.52
S694 2.61 L313 2.29 N000 2.59 R624 2.43
N619 2.49 R392 2.22 L327 2.35 R373 2.24
Q802 2.41 K864 2.26 U332 2.20 N089 2.27
N053 2.17 L375 1.96 R074 1.97 M098 1.98
L050 2.16 L078 2.02 Q552 2.09 Q379 1.98
N272 2.35 R338 2.19 N088 1.90 L014 1.68
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of DO. When the acclimation and experimental temperatures were kept
at 20 °C, the BPDO (1.42 ± 0.26 mg/L) of H. gigantea was significantly
lower than those of H. discus hannai and the hybrid. Thus, H. gigantea
maintained a normal heart rate under more severe hypoxic conditions
than the other two taxa, which may indicate a better tolerance of hy-
poxia.
The BPDO was also sensitive to temperature. Both acclimation
temperature and experimental temperature influenced the BPDO. When
the experimental temperature was increased from 20 °C to 28 °C, the
BPDO of H. discus hannai acclimatized at 20 °C increased by 1.43 mg/L,
but the BPDO of H. discus hannai acclimatized at 24 °C increased by
1.53 mg/L. This indicated that as temperature increased, abalone hy-
poxia tolerance decreased. Increases in either the acclimation tem-
perature or the experimental temperature reduced abalone hypoxia
tolerance.
Temperature is one of the primary physical factors affecting marine
animals (Chen et al., 2016). In abalone, gonad development (Grubert
and Ritar, 2004), fertilization (Luo, 2009), immune response (Cheng
et al., 2004b; Dang et al., 2012), growth, and survival (Thomas et al.,
2006; You et al., 2015) are all affected by temperature. In addition,
increased temperatures may reduce oxygen solubility, altering the re-
spiratory or metabolic rates of marine organisms (Hamburger et al.,
1994; Hoegh-Guldberg and Bruno, 2010; Vaquer-Sunyer and Duarte,
2011). This might be one of the reasons why BPDO was affected by
temperature.
Based on our results, several recommendations are possible. First,
temperature conditions, including acclimation temperature and ex-
perimental temperature, should be strictly controlled for BPDO mea-
surement, especially when comparing different species or batches of
samples. Second, during the aquaculture of H. discus hannai, DO levels
should be closely monitored during periods of high temperature and a
DO of 3.15 mg/L or above should be maintained. Such conditions allow
the abalone to maintain a regular heart rate.
Based on attachment duration and survival time, we found that
hypoxia sensitivity varied among individual abalone. The most sensi-
tive individual exhibited an obvious response in<2 h, by falling from
the substrate. In contrast, the most tolerant individual remained at-
tached for nearly 20 h, and survived for> 20 h. There was a significant
negative correlation between BPDO and attachment duration and be-
tween BPDO and survival time. The most sensitive individual had the
Fig. 5. The attachment durations and survival times of the 32 Haliotis discus hannai. Attachment duration is shown as a gray solid line, and survival time is shown as a
black dashed line.
Fig. 6. The negative correlations (a) between BPDO and attachment duration, or (b) between BPDO and survival time.
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highest BPDO (3.21 mg/L), while the most tolerant individual had a
BPDO of ~1.7 mg/L. This suggested that BPDO could be used to select
individuals with different levels of hypoxia tolerance, overcoming the
deficiencies of the LC50 method.
In addition, abalones assessed using the BPDO measurement were
not severely damaged. No abalone died during BPDO measurement,
and all 32 individuals were used for the attachment test after a 7-day
recovery period. However, the attachment test appeared to be more
harmful to abalone than the BPDO measurement. All tested abalone
died between 0.03 and 6.33 h (average 1.52 ± 1.67 h) after the at-
tachment test. More than half of all individuals died in less than one
hour after detachment, indicating that this process caused serious da-
mage. In contrast, BPDO measurement indicated the hypoxia tolerance
of individuals while maintaining a high percentage of live samples.
Thus, this technique will support the identification of hypoxic-tolerant
individuals for subsequent genetic breeding.
The 96 h LC50 value of H. discus hannai is ~1.9 mg/L (unpublished
data), similar to the result of 96 h LC50 of small abalone (H. diversicolor
supertexta) (Cheng et al., 2004a, 1.83 mg/L); slightly higher than those
of juvenile Osteichthyes, such as Pleuronectes americanus (1.4 mg/L),
Paralichthys dentatus (1.1 mg/L), and Brevoortia tyrannus (1.2 mg/L);
significantly higher than those of juvenile crustaceans, such as Homarus
americanus (1.0 mg/L), Palaemonetes vulgaris (1.0 mg/L), and P. pugio
(0.7 mg/L); and significantly higher than that of the bivalve Spisula
solidissima (0.5 mg/L) (Miller et al., 2002). Thus, the abalone was more
sensitive to hypoxia than the aquatic organisms mentioned above. It is
supposed that lower BPDOs would be observed in these more hypoxia-
tolerant species. To support this assumption and verify the applicability
of BPDO measurement, more tests need to be done in the future work.
The BPDO measurement offers an approach that could be used to
distinguish the hypoxia tolerance of different abalone individuals. It
showed great advantage in survival and individual detection, which
provided great convenience to the selection and retention of hypoxic-
tolerant individuals for further genetic breeding. In addition, the BPDO
could be used as an early warning mechanism for aquaculture. For
example, the average BPDO of H. discus hannai was 3.63 ± 0.51 mg/L
when the temperature was set at the condition of combination F (as
mentioned above). It means most individuals would suffer a sharp de-
cline in heart rate when the DO was<3.63 mg/L. Therefore, if BPDOs
of different temperatures were obtained in advance, oxygen addition
measures could be taken in time when the DO was less than BPDOs, to
ensure the regular growth of abalone.
5. Conclusion
The present study measured the abalone heart rate under different
DO concentrations. A breakpoint (BPDO) was identified as DO was
continuously reduced. The BPDO was affected by both acclimation and
experimental temperatures; BPDO increased as either acclimation or
experimental temperature increased, reducing abalone hypoxia toler-
ance. Correlation analysis, between BPDO and attachment duration,
and between BPDO and survival time, indicated that BPDO accurately
reflected abalone hypoxia tolerance. The BPDO method is advantageous
because it allows individual detection and reduced post-measurement
mortality. The method has thus many potential applications, and it may
provide a basis for further studies of aquatic animal physiology.
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